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seus	 conspecíficos	 ou	 produtos	 relacionados	 com	 eles.	 A	 aprendizagem	 social	 ocorre	 quando	 os	
indivíduos	 observam	o	 comportamento	 de	 outros	 ou	 as	 suas	 consequências	 para	modificar	 o	 seu	


























No	 capítulo	 III,	 nós	 mostramos	 que	 pistas	 sociais	 visuais,	 como	 a	 observação	 de	 um	
conspecífico	a	exibir	uma	resposta	de	alarme,	não	é	eficaz	como	um	estimulo	não	condicionado		(US),	
mas	 pistas	 sociais	 olfativas,	 como	 substância	 de	 alarme,	 foi	 altamente	 eficiente	 como	 US	 em	
















avoid	 fights	 with	 strongest	 individuals,	 only	 by	 the	 observation	 of	 conspecifics	 or	 their	 related	
products.	 Social	 learning	 occurs	 when	 individuals	 observe	 the	 behaviour	 of	 others,	 or	 its	
consequences,	to	modify	their	own	behaviour.	This	behavioural	strategy	 is	highly	conserved	across	
taxa:	 the	 crickets,	 Nemobius	 sylvestris,	 adapt	 their	 predator-avoidance	 behaviour	 after	 having	




















effective	 as	 an	 US;	 but	 social	 olfactory	 cue,	 the	 alarm	 substance,	 was	 highly	 efficient	 in	 aversive	
learning	paradigm.	Also,	we	 identified	 the	olfactory	bulbs	as	an	essential	brain	 region	 to	olfactory	
observational	conditioning.	A	functional	analysis	of	the	cohesion	and	connectivity	of	the	brain	nuclei	
involved	in	olfactory	processing	were	tuned	to	chemical	observational	conditioning.		









Julia	 Pinho	 (J.P.)	 and	 Rui	 Filipe	 Oliveira	 (R.F.O.)	 designed	 the	 experiments	 and	 established	 the	

















Table	 2.3	 –	 Quantitative	 characterization	 of	 the	 functional	 connectivity	 networks	 for	 each	
experimental	treatment	usin	c-fos	positive	cells	as	reporters	of	neuronal	activity…….............………..53	





















Figure	 3.4	 –	 Transcriptional	 pattern	 of	 RNA	 expression	 of	 the	 c-fos,	 egr1,	 bdnf	 and	 npas4	 were	
measured	 in	 the	 probe	 test	 in	 response	 to	 CS+	 and	 CS-	 across	 the	 brain	 regions	 of	
interest…………………………………………………………………………………………………………………………….............….78	
Figure	 3.5	 –	 Functional	 connectivity	 of	 gene	 expression	 networks	 across	 brain	 regions	 of	 interest	




































































































the	 surrounding	 environment,	 in	 order	 to	 reproduce	 and	 survive.	 They	 use	 social	 and	 asocial	
information	to	take	adaptive	decisions	that	impact	their	fitness.	Social	information,	obtained	either	






there	 are	 also	 cues	 not	 related	 to	 individuals	 (so	 called	 asocial	 information)	 that	 influence	 the	
behaviour	of	animals,	for	instances,	the	migration	intensity	in	several	species	is	proved	to	be	mainly	
predicted	by	weather	changes	(Doren	and	Horton,	2018).		
Social	and	asocial	 cues	are	abundant	 in	 the	environment,	and	 individuals	constantly	 select	


























forces	 for	 brain	 evolution	 (Social	 brain	 hypothesis	 SBH,	 (Dunbar,	 1998),	 and	 this	 seems	 to	 be	 a	







Despite	 several	works	 supporting	 the	 SBH,	where	 brain	 area	 size	 could	 be	 a	 predictor	 for	
better	 performances	 in	 several	 cognitive	 tasks,	 this	 does	 not	 explain	 why	 some	 species	 present	
qualitative	rather	than	quantitative	differences	(Dunbar	and	Shultz,	2007),	neither	how	small-brained	
animals	 (such	 as	 bees)	 are	 able	 to	perform	 cognitively	 demanding	 tasks	 in	 complex	 environments	
(Chittka,	2017;	Chittka	and	Niven,	2009;	Loukola	et	al.,	2017;	Oliveira,	2013).	
Additional	 work	 suggests	 that	 basic	 cognitive	 abilities	 are	 formed	 by	 building	 blocks	 of	
cognitive	 processes	 conserved	 across	 taxa	 (Chittka	 and	 Skorupski,	 2011;	Oliveira,	 2013;	 Theobald,	
2014)	and	also	that	single	neurons	can	be	re-used	as	components	of	multiple	circuits	used	in	different	
processes	 (Niven	 and	 Chittka,	 2010).	 The	 brain	 social	 decision-making	 (SDM)	 network	 is	 a	 clear	
example	of	functional	modularity,	where	the	expression	of	social	behaviour,	across	vertebrates,	can	
be	better	explain	by	a	network	than	a	single	of	its	nodes	(O’Connell	and	Hofmann,	2012).	This	network	
is	 composed	by	 two	 interconnected	neural	 circuits:	 the	 social	behaviour	network	 (Goodson,	2005;	
Newman,	1999)	and	the	mesolimbic	reward	circuit	(Adinoff,	2004),	where	the	expression	of	genetic	
markers,	 hormone	 receptors,	 and	 neurochemical/	 neurotransmitter	 systems	 establish	 homologies	








and	 Hoffman	 (O’Connell	 and	 Hofmann,	 2012)	 proposed	 the	 inclusion	 of	 the	 mesolimbic	 reward	
system,	which	is	generally	assumed	to	evaluate	stimulus	salience	via	dopaminergic	signalling	(Wickens	
et	al.,	2007)	and	shares	overlapping	nodes	with	the	SBN	(lateral	septum	and	bed	nucleus	of	the	stria	


























and	 identification	of	the	genes	and	molecular	pathways	 involved	(Haffter	et	al.,	1996).	 In	addition,	
numerous	genetic	markers	have	been	developed	for	the	zebrafish	(Patton	and	Zon,	2001)	and	along	








2007),	 visual	 discrimination	 learning	 in	 T-maze	 (Colwill	 et	 al.,	 2005),	 and	 an	 automated	 learning	











2) Classical	 conditioning	 describes	 a	 form	 of	 associative	 learning	 in	 which	 animals	 exhibit	 a	















































g. 	Imitation	 defines	 an	 observer	 that	 copies	 intentionally	 and	 accurately	 new	 actions	 by	
observation	 of	 a	 demonstrator	 (Byrne,	 1992;	 Byrne	 and	 Tomasello,	 1995).	 For	 example,	 a	
demonstrator	 grasping	 a	 fruit	 and	 then	 pull	 back	 to	 detach	 it	 from	 its	 stem	 facilitates	 an	
observer	to	copy	the	exact	sequence	of	small	actions	(Hoppitt	and	Laland,	2013).			
h. Emulation	 occurs	 when,	 after	 observing	 a	 demonstrator	 interacting	 with	 objects	 in	 its	












Zebrafish	 is	able	 to	perform	a	 set	of	 cognitively	demanding	 tasks	 in	 the	social	domain	 such	as	











towards	 the	 stimulus	 fish	 (Abril-De-Abreu	 et	 al.,	 2015).	 Previous	 work	 also	 demonstrated	 that	










	 Authors	 have	 also	 demonstrated	 that	 zebrafish	 learn	 about	 conspecifics	 and	 that	 this	
information	 is	 used	 when	 interacting	 with	 the	 observed	 animal	 in	 subsequent	 encounters	 (social	
eavesdropping)	(Peake,	2005).	The	use	of	eavesdropped	information	in	zebrafish	depends	on	social	
status,	with	dominant	bystander	males	paying	more	attention	to	 losers	 than	winners.	 It	 should	be	
noted	that,	zebrafish	are	also	able	to	recognize	winners	and	losers,	and	they	use	this	information	to	
avoid	fighting	with	the	strongest	individuals	(Abril-de-Abreu	et	al.,	2015).	




























Several	 work	 demonstrate	 that	 fish	 are	 able	 to	 use	 social	 cues	 to	 learn	 about	 danger,	
associating	a	neutral	cue	to	fearful	one	(Suboski	et	al.,	1990).	For	instance,	individuals	can	learn	from	










magnitude	of	a	stimulus	plays	a	 role	 in	 learning	abilities	because	high	and	 low	 intensity	shock,	 for	
instances,	have	different	cost	(Rumbaugh	et	al.,	2007).	
In	Zebrafish,	 the	most	used	reward	cue	 is	 food	(asocial)	and	conspecifics	 (social).	For	 instance,	
animals	learn	to	prefer	a	red	stimulus	after	a	demonstrator	associates	food	with	this	color	(Zala	and	
Määttänen,	 2013);	 also	 animals	 approach	 more	 a	 red	 card	 red	 that	 it	 was	 paired	 with	 sighting	






























	 The	oldest	neuronal	 activity	marker	 is	metabolic	 2-deoxy-d-glucose	 (2-DG;	 (Sokoloff	 et	 al.,	
1977))	 that	 is	 incorporated	 into	 tissues	 with	 energy	 consumption.	 This	 marker	 cannot	 undergo	
glycolysis	and	remains	 in	 the	 incorporated	 tissue.	After	 this	a	 less	 invasive	method	appears,	blood	







the	 activation	 of	 a	 neuron.	 The	 depolarization	 of	 neurons	 induce	 ions	 flowing	 into	 the	 cytoplasm	
[through	 N-metil-D-aspartate	 (NMDA)	 glutamate	 receptors	 (NMDARs)	 and	 voltage-gated	 calcium	
channels	 (VGCCs)]	 stimulates	 the	 activation	 of	 several	 calcium-dependent	 kinase	 cascades	




















(Wilson	et	 al.,	 2002))	 that	 enabled	 the	activity	mapping	at	 a	 cellular	 scale	based	on	β-gal	 staining	
(Smeyne	et	al.,	1993).	Also,	the	 improvement	of	 fluorescent	proteins	(as	green	fluorescent	protein	
(GFP))	and	bioluminescent	protein	(as	firefly	luciferase)	allows	the	development	of	activity-dependent	


























are	 sufficient	 for	 phosphorylating	 and	 activating	 ERK/MAPK	 via	 the	 Ras-Raf-MEKK	 pathway.	
ERK/MAPK	activation	leads	to	phosphorylation	of	Elk-1	that	is	associated	with	serum	response	factor	
(SRF)	 as	 well	 as	 phosphorylation	 of	 CREB	 via	 ribosomal	 S6	 kinase	 (RSK).	 Elk-1/SRF	 and	 CREB	 are	


















Activated	 via	 phosphorylation	 by	 its	 upstream	 kinase	
MEK	 (MAP	 kinase	 or	 ERK	 kinase)	 requiring	 a	 cascade	
that	involves	sequential	activation	of	Ras,	Raf,	and	MEK	




is	 required	 for	 the	 transcription	 of	 many	 neuronal	






very	 robust	 and	 requires	 high-
threshold	 noxious	 stimuli.	 c-Fos	 is	
much	more	 rapid	 and	 dynamic	 than	
pERK	 expression.	 Additionally,	 some	
authors	demonstrated	that	c-Fos	and	
pERK	colocalized	 in	neurons	 (Ha	and	
Redmond,	 2008)	 but	 others	 only	
found	 a	 partial	 co-localization	














A	 structural	 component	 of	 the	
ribosome	 that	 is	 phosphorylated	
downstream	 of	 PI3-K/mTOR,	 MAPK,	
and	 PKA	 signaling	 (Meyuhas,	 2008;	
Valjent	 et	 al.,	 2011).	 These	 same	
pathways	 regulate	 the	 transcription	
of	 activity-dependent	 genes	 such	 as	
c-fos	 (Flavell	 and	 Greenberg,	 2008).	
Phosphorylation	 sites	 in	 pS6	 include	
the	Ser235,	Ser236,	Ser40	and	Ser244	
residues	 and	 different	 sites	 of	
phosphorylation	 can	 be	 regulated	
independently	 in	various	brain	areas	
or	 different	 cell-types	 within	 the	
same	 brain	 region	 (Biever	 et	 al.,	
2015).	 Recent	 literature	




c-fos	 mRNA	 kinetics	 (Pirbhoy	 et	 al.,	
2016)	
	
A	 wide	 range	 of	 stimuli	 induced	 overlapping	 neural	
expression	of	c-Fos	and	pS6	throughout	the	brain	such	
as	 nutritional	 stimuli	 (including	 fasting,	 dehydration,	
salt	 challenge,	 and	 ghrelin	 treatment)	 demonstrated	
extensive	 co-localization	 of	 c-Fos	 and	 pS6	 in	
hypothalamus;	 the	 control	 of	 body	 temperature	
showed	 colocalization	 of	 c-fos	 and	 ps6	 in	 POA	 and	
cocaine	(a	stimulant),	kainate	(a	convulsant),	clozapine	
and	 olanzapine	 (antipsychotics)	 treatments	 induced	
co-localization	 of	 pS6	 and	 c-Fos	 in	 a	 variety	 of	 brain	
regions	 (Knight	et	al.,	 2012)	and	also	 control	of	body	
temperature,	 pS6	 immune	 activity	 co-localized	 with	
heat-induced	c-Fos	in	the	POA.		
However,	this	is	a	controversial	issue	in	the	field,	some	
authors	 demonstrated	 c-fos,	 npas,	 arc,	 egr1	 and	 pS6	
induced	the	similar	patterns	of	neuronal	activation	but	
not	 exactly	 the	 same	 (Renier	 et	 al.,	 2016).	 Friedman	
also	 described	 that	 some	 stimuli	 like	 light	 induced	
strong	 pS6	 but	 only	 scattered	 c-Fos	 within	 the	
suprachiasmatic	nucleus	(Knight	et	al.,	2012).	Martin	G.	
Myers,	Jr.	et	al	described	54%	of	the	pS6-IR	neurons	in	























that	 prior	 to	 training	 the	 CS	 and	 the	 US	 activated	 partially	 distinct	 populations	 of	 cerebellar	
neurons,	and	that	as	consequence	of	the	learning	process	the	number	of	CS-activated	neurons	in	
the	cerebellum	was	increased	(Aizenberg	and	Schuman,	2011).	
Reward	 and	 aversive	 cues	 used	 to	 learn	 clearly	 recruit	 distinct	 neural	 mechanisms.	 In	 an	




(Blair	et	al.,	2001;	Quirk	et	al.,	1997;	Romanski	et	al.,	1993).	This	 region	project	 to	 the	central	
nucleus	 and	 basal	 nucleus	 of	 the	 amygdala,	which	mediates	 the	 output	 to	 other	 regions	 that	














to	 process	 pleasurable	 information.	 This	 system	 is	 built	 by	 dopaminergic	 neurons	 located	 in	
substancia	 nigra	 (SNc),	 the	 ventral	 tegmental	 area	 (VTA)	 and	 the	 retrorubral	 field	 (RRF).	 The	
substancia	nigra	compacta	extends	its	fibers	into	the	striatum	(caudate	and	putamen)	playing	an	
essential	 role	 in	 the	 control	 of	 voluntary	 movements	 known	 as	 a	 nigrostriatal	 system.	 The	
mesolimbic	 and	 mesocortical	 pathway	 arises	 from	 VTA,	 have	 been	 suggested	 to	 modulate	
emotion-related	behavior;	this	area	project	to	nucleus	accumbens	as	well	as	olfactory	tubercle	
innervating	 septum,	 amygdala,	 and	 hippocampus	 in	 mesolimbic	 pathway	 and	 the	 prefrontal	
cortex,	cingulate	and	perirhinal	cortex	 in	 the	mesocortical	pathway.	These	 three	pathways	are	
mediated	by	the	release	of	dopamine	outside	of	the	synaptic	cleft.	Dopamine	is	mediated	by	five	




with	 D1	 like	 receptors	more	 expressed	 in	 prefrontal	 cortex	 and	 D2	 like	 receptors	 elevated	 in	
caudate,	putamen	and	nucleus	accubens	acting	synergistically	(Arias-Carrián	et	al.,	2010).	Several	









The	 neuronal	 basis	 of	 social	 learning	 has	 been	 investigated	 in	 humans	 and	 some	 model	
organisms.	Work	done	in	humans	suggests	a	central	role	for	the	amygdala	in	social	and	asocial	
transmission	 of	 pain	 (Olsson	 et	 al.,	 2007).	 Additional	 work,	 using	 the	 same	 paradigm	
demonstrated	that	the	amygdala	is	involved	only	in	associative	learning,	and	social	transmission	















Sensitization	 induces	 the	 activation	 of	 a	 facilitator	 interneuron	 that	 acts	 on	 sensory	 neuron	
terminals	 to	 increase	 the	 level	 of	 intracellular	 cAMP,	 which	 activates	 cAMP-dependent	 protein	









Classical	 conditioning,	 the	 CS	 causes	 depolarization	 that	 enhances	 Ca
2+
	 influx,	 which	 in	 turn	
enhances	the	synthesis	of	cAMP	in	response	to	a	neuromodulator	release	by	the	US.	Thus,	increased	
cAMP	 levels	 by	 G-protein	 coupled	 receptors	 in	 the	 CS	 interneurons	 and	 ca
2+
	 seem	 to	 provide	
biochemical	 mechanisms	 for	 encoding	 information	 about	 the	 temporal	 association	 of	 separate	
inputs	 to	 these	 cells.	 In	 short	 term,	 this	 results	 in	an	even	greater	 enhancement	of	 transmitter	








As	 described	 this	 is	 a	 controversial	 issue,	 one	 of	 the	 main	 questions	 in	 the	 field	 is	 to	
understand	if	social	learning	is	a	general	or	a	specific	domain	(Adolphs,	2009;	Byrne	and	Bates,	
2007;	Chittka	 and	Niven,	 2009;	Rosati,	 2017;	 Shettleworth,	 2010).	 These	 studies	 reveals	 some	
specialization	of	social	learning	that	are	congruent	with	the	SDMN	demonstrated	to	be	enough	
to,	at	 least	 in	part,	explain	social	behaviours.	However,	Heyes,	C.	postulates	 that	 the	neuronal	
mechanisms	of	social	and	asocial	learning	were	a	general	domain	because	the	rules	to	learn	with	
social	and	asocial	cues	are	the	same	(Heyes,	2011;	Heyes	and	Pearce,	2015);	otherwise	solitary	



















• Chapter	 II,	we	identify	 if	the	social	 learning	circuitry	 is	shared	with	the	asocial	one	in	a	
food	reward	 learning	paradigm.	We	start	 to	develop	a	robust	behavioural	paradigm	to	
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to	 trigger	 response	but	also	 to	predict	 the	presence	of	a	 reward	 through	associative	 learning.	The	
neuronal	networks	underlying	innate	behaviours	have	been	well	studied;	however	the	neural	circuits	
underlying	social	and	asocial	learning	have	not	been	well	understood.		
In	 this	work,	we	 use	 the	 expression	 of	 the	 immediate	 early	 gene	 c-fos	 to	map	 the	 neural	
circuits	recruited	in	social	and	asocial	learning	tasks.		
We	 demonstrate	 that	 the	 ability	 to	 learn	with	 social	 (fish	 image)	 and	 asocial	 (dot	 image)	

























a	 predator	 (social	 learning).	 In	 contrast,	 asocial	 learning	 refers	 to	 learning	using	 asocial	 cues	non-
related	 with	 conspecific	 information	 (i.e.	 social:	 conspecifics	 or	 their	 vocalizations,	 footprints	 or	
pheromones;	asocial:	shocks,	food,	tones).	
	 Where	social	 learning	 is	processed	 in	the	brain	remains	unclear	and	 is	 in	the	centre	of	 the	
debate	 on	 the	 modularity	 hypothesis,	 which	 postulates	 that	 social	 cognition	 is	 a	 domain-specific	
phenomenon	 (Adolphs,	 2009;	 Byrne	 and	 Bates,	 2007;	 Chittka	 and	 Niven,	 2009;	 Rosati,	 2017;	
Shettleworth,	2010).	Some	authors	considered	that	social	learning	is	modular	because	it	is	specifically	
based	 on	 social	 information	 (Kendal	 et	 al.,	 2018;	 Leadbeater	 and	 Dawson,	 2017;	 Lefebvre	 and	
Giraldeau,	1996;	Lotem	and	Halpern,	2012).	Social	behaviours	can	be	described,	at	least	in	part,	by	
changes	 in	 the	 activity	 of	 a	 brain	 social	 decision-making	 network	 and	 by	 its	 modulation	 by	
neuromodulators	 (O’	 Connell	 and	 Hofmann,	 2012;	 Teles,	 2015).	 For	 instance,	 research	 on	 mice	
demonstrated	 a	 specialized	 olfactory	 subsystem	 involved	 specifically	 in	 socially	 transmitted	 food	
preferences	(STFPs)	(Munger	et	al.,	2010);	another	research	on	human	subjects	revealed	that	a	node	





learning	 rules,	 being	 a	 general	 domain	 cognitive	 mechanism,	 and	 only	 input	 mechanisms	 are	












Control	 (AC)	 treatments).	We	 then	measured	 the	expression	of	c-fos	mRNA	 levels	 in	 several	brain	










28ºC,	750	µs,	pH	7.0	pH	 in	a	14L:10D	photoperiod	and	 fed	 twice	a	day	 (except	on	 the	day	of	 the	
experiments)	with	freshly	hatched	Artemia	salina	and	commercial	food	flakes.	All	experiments	were	
performed	 in	 accordance	 with	 the	 relevant	 guidelines	 and	 regulations,	 reviewed	 by	 the	 Instituto	
Gulbenkian	 de	 Ciência	 Ethics	 committee,	 and	 approved	 by	 the	 competent	 Portuguese	 authority	
(Direcção	Geral	de	Alimentação	e	Veterinária).	
	






























To	demonstrate	 that	 individuals	can	discriminate	between	the	two	CS	used	 (i.e.	 social	and	
asocial	 CSs),	we	performed	a	discrimination	 task.	 In	 this	 case,	we	 trained	 fish	 (one-minute	 trial,	 8	
trials/day	for	5	days)	to	associated	one	CS	to	a	reward	(food)	and	the	other	to	a	punishment	(netting)	








2.3.3 Brain collection 
	










2.3.4 In situ hybridization for the immediate early gene: c-fos 
	
Chromogenic	RNA	in	situ	hybridization	(CISH)	was	carried	out	according	to	a	standard	protocol	
















2.3.5 Cell Counting 
	
The	slides	were	imaged	using	a	tissue	scanner	(NanoZoomer	Digital	Pathology,	Hamamatsu).	A	
whole	 brain	 screening	 was	 performed	 to	 select	 the	 brain	 nuclei	 with	 higher	 c-fos	 activity	 to	 be	








Non-parametric	 linear	 regressions	 were	 performed	 to	 compare	 the	 learning	 curves	 across	 the	 4	




factors,	 with	 planned	 comparisons	 followed	 by	 Benjamini	 and	 Hochberg’s	 method	 for	 p-value	
adjustment	to	assess	differences	between	the	experimental	treatments.	
The	 effect	 of	 social	 learning	 on	 brain	 activity	 in	 the	 probe	 test	 was	 assessed	 by	 a	 non-






The	 functional	 connectivity	was	 tested	 using	 Pearson	 correlations	 computed	 between	 the	
number	of	positive	c-fos	cells	for	each	pair	of	brain	nuclei,	within	each	experimental	treatment.	These	
correlations	 were	 considered	 as	 indicative	 of	 co-activation	 between	 nuclei,	 such	 that	 positive	
correlations	 correspond	 to	 phasic	 activity	 and	 negative	 correlation	 to	 out-of-phase	 activity.	 The	
occurrence	 of	 different	 patterns	 of	 functional	 connectivity	 associated	with	 different	 experimental	
groups	was	assessed	by	testing	the	association	between	any	two	matrices	using	quadratic	assignment	
procedure	(QAP)	correlation	test	with	5000	permutations.	The	null	hypothesis	of	the	QAP	test	is	that	
there	 is	 no	 association	 between	matrices;	 a	 non-significant	 p-value	 indicates	 that	 the	 correlation	
matrices	 are	 different.	 Finally,	 we	 characterize	 the	 network	 structure	 in	 terms	 of	 centrality	 and	
cohesion.	The	eigenvector	centrality,	where	relative	scores	were	given	 to	each	node	based	on	 the	
assumption	 that	 connections	 to	 high-scoring	 nodes	 contribute	 more	 to	 the	 score	 of	 the	 node	 in	
question	than	equal	connections	to	low-scoring	nodes	(a	high	eigenvector	score	means	that	a	node	is	
connected	 to	 many	 nodes	 who	 themselves	 have	 high	 scores).	 The	 proportion	 of	 all	 possible	


















Animals	 learned	 both	 socially	 and	 asocially	 (X
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SL	 vs	 SC,	 X
2
F(1)=0.42,	 p=0.522,	 AL	 vs	 AC,	 X
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(1)=1.56,	 p=0.21)	 and	 non-retention	 (X
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50.00%  Learners with retention (SL)






























50.00%  Learners with retention (AL)






















conditioned to fish n=4
conditioned to circle n =5


























Social conditioned stimulus (CS)
Asocial conditioned stimulus (CS)









preference	 (in	 yellow	 triangles	 animals	 conditioned	 to	 approach	 asocial,	 in	 light	 pink	 squares	
individuals	conditioned	to	approach	social	and	in	black	circles	the	average	of	all	individuals	organized	
by	 reward)	 (f).The	preference	 for	 the	social	and	asocial	 stimulus	 (fish	 (yellow	circle)	or	circle	 (grey	
square)	 static	 2D	 picture,	 respectively)	 was	 assessed	 by	 a	 preference	 test	 (g).	 	 Asterisks	 indicate	
statistical	 significance	 at	 p	 <	 0.05	 using	 planned	 comparisons.	 In	 summary,	 despite	 the	 intrinsic	
positive	valence	of	social	stimuli,	social	and	asocial	learning	is	equally	efficient	in	zebrafish.		
	
2.4.2 Brain regions involved in social and asocial classic conditioning in zebrafish 
	
The	 brain	 regions	 associated	 with	 social	 and	 asocial	 learning	 were	 determined	 using	 the	
























F(1)=7.46,	 p=0.011)	 (Table	 1;	 Figs.	 2a-g).	 In	 contrast,	 the	 following	 set	 of	 areas	
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         L                    C                    AL                      AC       
         SL                    SC                    AL                      AC       
         SL                    SC                    AL                      AC       








that	 different	 brain	 regions	were	 associated	with	 social	 (olfactory	 bulb,	 ventral	 nucleus	 of	 ventral	
telencephalic	area,	ventral	habenular	and	ventral	medial	thalamic	nucleus)	and	asocial	learning	(dorsal	
nucleus	 of	 ventral	 telencephalic	 area	 and	 anterior	 tubercular	 nucleus).	 Photomicrographs	 of	
representative	c-fos	in	situ	hybridization	in	OB	(b),	Vv	(d),	Hav	(f),	VM	(h),	Had	(i)	and	ATN	(k).	Asterisks	







































































































Anterior tubercular nucleus (ATN)
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X2 p X2 p X2 p X2 p X2 p X2 p X2 p X2 p X2 p X2 p X2 p
OB 0.000 1.000 0.005 0.944 0.020 0.889 0.125 0.726 1.116 0.300 4.283 0.048 4.555 0.042 8.870 0.022 7.350 0.022 0.008 1.000 0.000 1.000
D 0.000 1.000 0.966 0.334 0.075 0.786 1.255 0.272 2.972 0.096 0.064 0.801 1.531 0.226 2.060 0.652 0.270 0.718 0.850 0.718 0.133 0.718
Vd 0.000 1.000 3.022 0.093 0.247 0.623 0.062 0.806 1.717 0.201 0.101 0.753 3.785 0.062 2.860 0.269 2.170 0.269 1.270 0.269 1.310 0.269
Dm 0.000 1.000 0.804 0.378 0.651 0.426 0.008 0.929 3.006 0.094 0.823 0.372 2.166 0.152 3.290 0.302 2.180 0.302 0.080 0.779 0.240 0.779
Dl 0.000 1.000 0.353 0.557 1.630 0.213 1.414 0.244 1.171 0.201 0.138 0.713 1.874 0.182 2.650 0.460 0.630 0.499 0.457 0.499 0.470 0.499
Dc 0.000 1.000 0.763 0.390 0.221 0.642 0.072 0.790 0.004 0.953 0.206 0.653 3.298 0.080 1.920 0.354 2.880 0.354 0.918 0.381 0.790 0.381
Dp 0.000 1.000 0.070 0.793 0.040 0.844 0.215 0.646 0.979 0.331 2.444 0.129 0.207 0.653 2.010 0.396 1.740 0.396 0.378 0.544 0.789 0.509
Vc 0.000 1.000 0.065 0.801 1.367 0.252 0.041 0.840 1.173 0.288 0.491 0.489 4.510 0.043 5.110 0.128 2.070 0.323 0.460 0.503 1.370 0.336
Vv 0.000 1.000 0.111 0.741 0.198 0.660 0.607 0.443 2.605 0.118 1.689 0.204 5.030 0.033 6.420 0.048 5.720 0.048 0.680 0.554 0.240 0.628
Vl 0.000 1.000 0.001 0.970 0.006 0.940 0.423 0.521 0.248 0.623 0.709 0.407 1.596 0.217 1.810 0.760 0.530 0.850 0.220 0.850 0.010 0.936
Dd 0.000 1.000 0.002 0.965 0.604 0.444 0.675 0.418 0.033 0.857 1.500 0.231 0.054 0.818 2.040 0.648 0.210 0.648 0.400 0.648 0.410 0.648
Vs 0.000 1.000 0.082 0.776 1.429 0.242 1.209 0.281 2.147 0.154 0.314 0.580 3.761 0.063 2.550 0.162 2.640 0.162 0.047 0.830 2.540 0.162
Ppa 0.000 1.000 0.276 0.603 2.219 0.147 0.008 0.931 3.901 0.058 0.618 0.438 1.320 0.260 1.190 0.568 2.500 0.500 0.240 0.836 0.000 1.000
Vp 0.000 1.000 1.065 0.311 0.067 0.798 0.674 0.419 1.483 0.233 0.643 0.429 0.045 0.833 0.450 0.836 0.006 0.936 24.000 0.836 0.690 0.836
PM 0.000 1.000 0.162 0.690 0.131 0.720 0.364 0.551 2.642 0.115 0.352 0.558 0.892 0.353 0.310 0.779 0.012 0.915 1.110 0.779 0.740 0.779
PPp 0.000 1.000 0.006 0.941 0.000 1.000 0.006 0.941 9.664 0.004 0.613 0.440 5.197 0.030 4.230 0.098 4.340 0.098 0.990 0.327 1.050 0.327
Hav 0.000 1.000 0.122 0.729 0.667 0.421 0.035 0.853 0.069 0.794 3.065 0.091 7.292 0.012 6.060 0.040 10.280 0.012 0.610 0.586 0.170 0.681
VM 0.000 1.000 0.145 0.706 0.045 0.834 0.007 0.933 0.097 0.758 2.424 0.131 7.196 0.012 6.200 0.038 7.460 0.011 0.540 0.470 0.430 0.519
A 0.000 1.000 2.791 0.106 0.789 0.382 0.280 0.601 0.404 0.530 1.116 0.300 1.645 0.210 0.001 0.987 0.060 0.987 3.840 0.240 1.010 0.648
Had 0.000 1.000 0.878 0.357 2.005 0.168 2.419 0.131 2.662 0.114 2.204 0.149 6.512 0.016 3.390 0.100 0.190 0.666 6.860 0.050 5.140 0.060
Hv 0.000 1.000 1.312 0.262 0.390 0.537 0.011 0.918 1.586 0.218 0.206 0.653 6.240 0.019 2.260 0.144 1.770 0.194 3.830 0.120 4.580 0.120
ATN 0.000 1.000 0.015 0.905 0.132 0.719 1.465 0.236 0.005 0.943 4.921 0.035 2.187 0.150 0.540 0.620 0.020 0.882 2.680 0.226 8.420 0.028
VL 0.000 1.000 0.340 0.564 0.012 0.912 0.093 0.762 0.031 0.861 0.106 0.747 6.712 0.015 1.810 0.760 0.530 0.850 0.220 0.850 0.007 0.936
Tpp 0.000 1.000 0.190 0.666 0.639 0.431 1.189 0.285 5.289 0.029 1.857 0.184 1.857 0.180 0.140 0.712 0.130 0.712 3.250 0.164 3.600 0.164
PGZ 0.000 1.000 0.009 0.924 0.083 0.776 0.000 1.000 0.042 0.839 0.017 0.897 1.342 0.257 0.450 0.506 0.560 0.506 0.870 0.506 0.730 0.506
CP 0.000 1.000 0.406 0.529 1.210 0.281 2.266 0.143 2.164 0.152 0.004 0.951 3.175 0.086 0.260 0.611 3.240 0.332 1.230 0.368 1.820 0.368
Hd 0.000 1.000 0.161 0.692 1.183 0.286 0.118 0.734 1.733 0.194 0.143 0.709 0.987 0.329 0.540 0.620 0.010 0.937 0.540 0.620 1.200 0.620
LH 0.000 1.000 0.521 0.476 0.301 0.588 0.003 0.954 1.108 0.302 0.805 0.377 1.277 0.268 1.580 0.438 2.010 0.438 0.100 1.000 0.000 1.000
DTN 0.000 1.000 0.161 0.692 0.085 0.773 5.612 0.025 0.736 0.398 0.334 0.568 0.985 0.329 2.550 0.488 0.330 0.757 0.460 0.757 0.008 0.929
Hc 0.000 1.000 1.845 0.185 0.780 0.385 4.433 0.044 1.353 0.255 1.400 0.247 1.307 0.263 1.680 0.410 3.520 0.284 0.370 0.561 0.350 0.561
CM 0.000 1.000 3.345 0.078 2.208 0.148 0.640 0.430 1.215 0.280 0.137 0.714 0.007 0.932 0.006 0.940 0.520 0.940 0.006 0.940 0.100 0.940
Dil 0.000 1.000 0.381 0.542 3.657 0.066 0.460 0.503 3.912 0.058 0.167 0.686 4.171 0.051 0.230 0.636 2.990 0.190 3.560 0.190 1.900 0.240
Cil 0.000 1.000 2.451 0.129 0.002 0.967 0.458 0.504 2.212 0.148 3.075 0.090 0.126 0.725 2.580 0.400 1.110 0.400 0.470 0.497 1.110 0.400
GC 0.000 1.000 0.068 0.796 0.772 0.387 0.273 0.605 0.006 0.937 1.077 0.308 0.042 0.839 0.990 0.684 0.010 0.922 0.870 0.684 0.440 0.684














L:	SL-SC R:	SL-SC L:AL-AC R:AL-AC
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2.4.3 Neural networks and patterns of functional connectivity involved in social and 
asocial classic conditioning in zebrafish 
	
The	correlation	matrix	for	c-fos	positive	cells	across	all	measured	brain	regions	was	used	to	assess	
co-activation	 patterns	 between	 brain	 regions	 (Figure	 3).	 Quadratic	 Assignment	 Procedure	 (QAP)	
correlations	detected	significant	differences	between	 learners	and	unpaired	groups	(SL	vs	SC	(r=0.125,	
p=0.001),	AL	vs	AC	 (r=0.081,	p=0.006)	and	also	between	social	and	asocial	 learning	 (SL	vs	AL	 (r=0.070,	
p=0.017)),	 meaning	 that	 in	 general	 the	 networks	 are	 not	 significantly	 different.	 A	 structural	
characterization	of	the	functional	network	of	associations	between	brain	regions	revealed	that	different	
































pairs	of	brain	nuclei	 for	each	experimental	 treatment:	a)	Social	 learning	 (SL);	b)	Social	control	 (SC);	 (c)	













treatment,	 using	 c-fos	 positive	 cells	 as	 reporters	 of	 neuronal	 activity.	 Values	 correspond	 to	 centrality	





SL	(left) SL	(right) SC	(left) SC	(right) AL	(left) AL	(right) AC	(left) AC	(right)
OB 0.014 0.150 0.032 0.020 0.000 0.044 0.117 0.166
D 0.215 0.207 0.193 0.088 -0.001 0.028 0.012 0.025
Vd 0.270 0.243 0.094 0.153 0.013 0.029 0.229 0.226
Dm 0.000 0.160 0.204 0.125 0.076 0.232 0.223 0.184
Dl 0.092 0.114 0.139 0.176 0.162 0.197 0.178 0.137
Dc 0.259 0.257 0.126 0.177 0.101 0.083 0.177 0.069
Dp 0.131 0.066 0.176 0.181 0.032 0.082 0.142 0.145
Vc 0.181 0.277 0.158 0.218 0.000 0.001 0.163 0.185
Vv 0.183 0.214 0.152 0.061 0.000 0.000 0.198 0.179
Vl	 0.166 0.000 0.000 0.000 0.011 0.011 0.016 -0.008
Dd 0.237 0.094 0.128 0.110 0.103 0.215 0.101 0.067
Vs 0.041 0.105 0.010 0.268 0.000 0.001 0.070 0.015
Ppa	 0.087 0.150 0.224 0.231 0.199 0.256 0.001 0.000
Vp 0.222 0.067 0.010 0.009 0.220 0.219 0.072 0.101
PM 0.001 0.004 0.006 0.061 0.321 0.193 0.003 0.000
PPp 0.261 0.136 0.005 0.025 0.152 0.017 0.103 0.070
Hav 0.042 0.003 -0.010 -0.001 -0.002 0.107 0.027 0.065
VM 0.086 0.000 0.022 -0.001 0.078 0.097 0.007 0.098
A	 0.030 0.004 0.000 0.163 0.049 0.072 0.066 0.018
Had 0.087 0.099 0.003 -0.001 0.032 0.010 0.110 0.077
Hv 0.000 0.000 0.113 0.076 0.161 0.145 0.127 0.098
ATN 0.005 0.000 0.036 0.149 0.153 0.015 0.133 0.107
VL	 0.012 0.034 0.000 0.004 0.009 0.010 0.105 0.044
Tpp 0.105 0.082 0.041 0.042 0.071 -0.001 0.064 0.013
PGZ 0.000 0.000 0.100 0.106 0.057 0.038 0.191 0.196
CP 0.051 0.000 0.048 0.027 0.137 0.239 0.077 0.092
Hd 0.000 0.000 0.171 0.137 0.069 0.230 0.190 0.204
LH 0.000 0.000 0.171 0.180 0.031 0.035 0.113 0.113
DTN 0.000 0.000 0.064 0.185 0.029 0.056 0.072 0.137
Hc 0.004 0.044 0.200 0.171 0.007 0.008 0.136 0.114
CM 0.000 0.000 0.044 0.041 0.049 0.086 0.159 0.146
DIL 0.007 0.164 0.026 0.086 0.104 0.140 0.128 0.157
CIL 0.091 0.058 0.251 0.025 0.234 0.024 0.017 0.018
GC 0.000 0.000 0.000 0.057 0.098 0.049 0.001 0.027


















learning	 recruits	 the	 activity	 	 of	 olfactory	 bulbs	 (OB),	 ventral	 zone	 of	 ventral	 telencephalic	 area	 (Vv),	




































are	 PFC-dependent	 revealing	 that	 the	 function	 of	 the	 habenula	 complex	 is	 highly	 conserved	 across	
vertebrates	(Parker	et	al.,	2012).	Two	other	circuits	have	been	described	in	LHb:	the	GPH-LHb	projection,	
that	plays	a	role	in	the	representation	of	valence	through	VTA	(Baker	et	al.,	2016),	and	VTA	neurons	or	
VTA-Nac	 projection,	 whose	 activation	 increases	 social	 interactions,	 but	 not	 interactions	 with	 objects	








associated	with	 the	 activation	 of	 LHb.	 However,	 all	 these	 brain	 regions	 act	 as	 parts	 of	 networks	 and	
probably	this	effect	is	mediated	by	one	of	these	projections	or	by	all	of	them	acting	on	circuits.	























learning	 paradigms	 (Kobayashi	 et	 al.,	 2013)	 and	 fear	 learning	 (Agetsuma	 et	 al.,	 2010;	 Mathuru	 and	
Jesuthasan,	 2013).	 In	 contrast,	 our	 findings	 imply	 a	 decreased	 expression	 of	 c-fos,	probably	 due	 to	 a	
disinhibitory	 mechanism.	 However,	 mHb	 is	 also	 has	 been	 associated	 to	 stress	 responses:	 restraint	
(Sugama	et	al.,	2002),	aggression	(Cirulli	et	al.,	1998)		and	cold	or	hypoxia	(Ebner	and	Singewald,	2006).	
We	 demonstrated	 that	 the	 anterior	 tubercular	 nucleus	 (ATN)	 (homologous	 of	 ventromedial	
hypothalamus	(VMH)	in	mammals)	was	associated	with	asocial	learning.	Commonly,	VMH	is	associated	








through	different	brain	 regions	 (social	 learning	 through	ventral	habenula	and	asocial	 learning	by	ATN-
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amygdala-striatum).	 In	 summary,	 asocial	 learning	 triggered	 two	 other	 projections	 (ATN-amygdala-
Striatum,	dHb-IPN)	that	seem	to	not	be	directly	connected	to	the	same	circuitry.	
The	 functional	 connectivity	analysis,	 shows	a	 tuning	effect	of	 the	general	 correlation	between	
activity	 in	 brain	 nuclei	 with	 the	 learning	 groups	 (social	 and	 asocial	 learning)	 reducing	 the	 number	 of	
connections	in	the	network	when	compared	with	control	groups	(social	and	asocial	unpaired	treatments).	
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the	 costs	 of	 trial-and-error	 learning	 about	 dangerous	 stimuli.	 In	 observational	 fear	 conditioning,	 the	
pairing	 of	 a	 social	 cue	 of	 danger	 (unconditioned	 stimulus,	 US)	 with	 a	 previously	 neutral	 stimulus	
(conditioned	 stimulus,	 CS),	 results	 in	 a	 conditioned	 alarm	 (fear)	 response	 elicited	 by	 the	 CS	 alone.	 In	
zebrafish	both	chemical	and	visual	social	cues	of	the	presence	of	a	threat	 in	the	environment	elicit	an	





unconditioned	 stimulus	 (US)	 in	 social	 fear	 conditioning.	We	 found	 that	 only	 the	 chemical	 cue	 (alarm	
substance)	was	effective	as	an	US	in	the	observational	conditioning	task.		
We	suggest	that	this	differential	efficacy	of	social	cues	in	the	conditioning	process	results	from	













A	 key	 component	 of	 Darwinian	 fitness	 is	 the	 ability	 of	 animals	 to	 detect	 and	 respond	 to	 the	
presence	of	danger	in	the	environment,	namely	predators.	Given	that	typically	threat	cues	used	by	animals	
to	detect	 danger	 have	 some	overlap	with	background	ambient	 noise	 in	 the	 sensory	modality	 used	 to	






alarms.	 Therefore,	 there	 is	 a	 trade-off	 between	 misses	 and	 false	 alarms	 and	 the	 setting	 of	 a	 threat	
detection	threshold	is	critical	for	survival	(Oliveira	and	Faustino,	2017).	Group	living	animals	can	use	social	
information	 to	 detect	 threat	 in	 the	 environment.	 In	 group	 living	 species	 individuals	 can	 use	 social	
information	 provided	 by	 others	 to	 detect	 threat	 cues,	 and	 it	 has	 been	 demonstrated	 that	 the	 above	





There	 is	 ample	 evidence	 that	 animals	 indeed	 use	 social	 information	 to	modulate	 their	 threat	
perception.	The	exposure	to	social	cues	signalling	threat,	such	as	the	sight,	sound,	or	smell	of	an	alarmed	
conspecific	usually	trigger	a	fear	response	(e.g.	(Inagaki	et	al.,	2014;	Kim	et	al.,	2010;	Pereira	et	al.,	2012),	
a	 phenomenon	 known	 as	 social	 contagion	 of	 fear	 (Dezecache	 et	 al.,	 2015;	 Keum	 and	 Shin,	 2016).	
Conversely,	the	presence	of	a	non-alarmed	familiar	conspecific	may	signal	safety	and	it	has	been	shown	
to	 attenuate	 fear	 response,	 which	 has	 been	 termed	 social	 buffering	 of	 fear	 (e.g.	 (Edgar	 et	 al.,	 2015;	
Kiyokawa	et	al.,	 2014;	 Smith	and	Wang,	2014)).	Moreover,	 these	 social	 cues	of	 threat	 can	be	used	as	
unconditioned	stimulus	(US)	in	a	classic	conditioning	paradigm,	such	that	when	paired	with	a	conditioned	
stimulus	(CS)	may	reinforce	the	establishment	of	conditioned	fear	responses	to	this	CS,	a	phenomenon	
referred	 to	 as	 social	 fear	 learning	 (aka	 vicarious	 fear	 learning,	 vicarious	 aversive	 conditioning,	 or	
observational	 fear	 learning	 (Debiec	 and	 Olsson,	 2017;	 Olsson	 and	 Phelps,	 2007)).	 One	 of	 the	 first	

















von	 Frisch,	 who	 first	 described	 it	 in	 minnows	 (Phoxinus	 phoxinus)	 (Von	 Frisch,	 1941),	 is	 produced	 in	
specialized	epidermal	club	cells,	and	is	released	upon	skin	injury	(Smith,	1992).	The	molecular	identity	of	




















3.3 Material and methods 
	
3.3.1 Animals and housing 
	
Tubingen’s	 adult	 wild-type	 Zebrafish	 (Danio	 rerio)	 (n=72)	 were	 bred	 and	 held	 at	 Instituto	
Gulbenkian	 de	 Ciência	 (IGC,	 Oeiras,	 Portugal).	 Fish	 was	 kept	 in	 a	 recirculation	 system	 (ZebraTec,	 93	
Tecniplast)	at	28ºC	with	14	light:	10	darkness	photoperiod	until	four	months	of	age.	The	water	system	was	




3.3.2 Experimental protocol      
	
In	the	innate	response	to	threat	experiment,	each	animal	was	exposed	to	one	of	4	treatments	for	
5	minutes:	 alarm	 substance	 (alarm),	 pre-trained	 conspecific	 (conspecific),	 distilled	water	 (control)	 and	
light	(L).	The	threat	response	is	a	stereotyped	behaviour	where	adult	zebrafish	exhibit	erratic	movement	
and	freezing.	Erratic	movement	is	characterized	by	multiple	darts	(fast	acceleration	bouts	and	stochastic	
changes	 in	 direction)	 and	 is	 normally	 the	 first	 response	 to	 danger	 (Kalueff	 et	 al.,	 2013).	 Freezing	 is	 a	
complete	cessation	of	movement	(except	for	gills	and	eyes)	while	the	fish	is	at	the	bottom	of	the	tank	and	
showing	abundant	opercular	movements	(respiration/gill	movements)	(Kalueff	et	al.,	2013).	






day	 (trial	 test),	 the	 response	 of	 the	 observer	 towards	 the	 CS	 was	 tested	 in	 the	 absence	 of	 the	




was	 trained	 (3	 trials/day	 for	3	days),	 in	a	 similar	way	 to	 the	 training	of	demonstrators	 in	 the	previous	
experiment,	to	pair	the	light	(CS)	with	the	alarm	substance	(CS	+)	or	with	distilled	water	(CS	-).	On	the	trial	





zebrafish	 following	 a	modified	 protocol	 described	 by	 Speedie	 and	Gerlai	 (2008).	 The	 alarm	 substance	
donors	were	 commercial	wild-type	 zebrafish	 (half	were	males	 and	half	 females)	 captured	and	quickly	
sacrificed	by	decapitation	using	surgical	scissors.	Light	(CS)	was	presented	at	the	side	of	the	tank	in	the	
middle	 of	 the	 water	 column.	 The	 experiments	 were	 videotaped	 in	 side	 view.	 The	 behaviours	 were	





Figure	 3.1	 –	 Experimental	 design	 of	 visual	 and	 chemical	 social	 fear	 learning.	 In	 chemical	 social	 fear	








was	 trained	 in	 the	same	way	as	 the	observer	 in	 the	chemical	social	 fear	 learning	protocol.	During	 this	
period,	an	opaque	partition	was	used	to	avoid	visual	access	of	the	observer	to	the	demonstrator.	In	the	
























domain	 protein	 4a	 (npas4),	 involved	 in	 homeostatic	 plasticity,	 by	 enhancing	 inhibitory	 synapses	 in	
response	to	excitatory	transmission	(Lin	et	al.,	2008).	
Total	RNA	from	each	brain	microarea	was	extracted	using	RNeasy	Lipid	Tissue	Mini	Kit	 (Qiagen,	


































3.3.5 Statistical analysis 
	
The	behavioural	 effects	 of	 innate	 responses	 to	 alarm	 cues	were	 tested	 using	 a	 non-parametric	
ANOVA	(Kruskal-Wallis)	followed	by	post-hoc	tests	where	equal	variances	were	not	assumed	(Tamhane	








between-subject	 linear	 mixed	 models	 (LMMs)	 with	 the	 subject	 as	 a	 random	 effect.	 Parametric	
assumptions	 were	 checked	 using	 Shapiro–Wilk	 and	 Jarque-Bera	 adjusted	 multiplier	 tests	 (to	 test	 for	
normality),	 Bartlett,	 Levene	 and	 Fligner–Killeen	 tests	 (to	 test	 for	 homoscedasticity),	 and	 plots	 of	 the	




Functional	 connectivity	 among	 the	 sampled	 brain	 regions	 was	 tested	with	 Pearson	 correlation	
matrices	 computed	 between	 the	 IEG	 expression	 for	 each	 pair	 of	 brain	 regions	 in	 social	 fear	 learning	
treatment.	 Two	 regions	 correlated	 positively	 indicate	 co-activation	 in	 response	 to	 that	 treatment,	
whereas	 two	regions	correlated	negatively	 indicate	 reciprocal	 inhibition	 in	 response	 to	 the	 treatment.	
Quadratic	assignment	procedure	(QAP)	correlation	tests	with	5000	permutations	were	used	to	test	for	
differences	 between	 the	 correlation	 matrices	 (that	 portrait	 co-activation/co-inhibition	 among	 brain	
regions)	 for	 each	 treatment	 (Borgatti	 et	 al.,	 2013)	 .	 In	 QAP	 tests	 a	 significant	 p-value	 is	 indicative	 of	
association	between	the	matrices;	that	is,	different	patterns	of	functional	connectivity	captured	by	the	
matrices	correspond	to	non-significant	QAP	test	p-values.		
The	structure	of	 the	neural	network	composed	of	 the	sampled	brain	 regions	 in	 this	study	was	






using	 the	 following	 packages:	 car	 (Levene	 test),	 cluster	 (PAM),	 fBasics	 (Jarque	 –	 Bera	 test),	 Hmisc	












alarm	 response.	A	 shorter	distance	 from	 the	bottom	 is	 also	observed	during	 the	alarm	 response,	 and	
despite	some	inter-individual	variation	the	alarm	response	to	both	alarm	cues	is	quite	robust	(fig	2a	and	










Figure	 3.2	 –	 Innate	 response	 to	 visual	 (sight	 of	 alarmed	 conspecifics	 (Consp.))	 and	 chemical	 (alarm	
substance	 (AC))	social	cues	of	 threat,	control	 (distilled	water	 (C	 ))	and	 light	 (L).	Speed	 (red)	and	depth	
(green)	are	plotted	along	time	in	response	to	alarm	substance		(a)	and	sight	of	alarmed	conspecific	(b);	
























































































O)	 did	 not	 exhibit	 alarm	 responses	 (table	 2;	 empty	 black	 triangle	 and	 circle	 respectively,	 fig	 3d).	































































































































































































































(right)	 by	 the	 same	 experimental	 groups	 described	 in	 the	 previous	 graph.	 Values	 are	 means	 ±	 se.	 *	
represents	p	value	<	0.05.	
	
















3.4.4 Changes in functional connectivity of brain regions of interest in response to 











by	 social	 fear	 learning	 (CS	 -	 (first	 row)	 and	CS	+	 	 (second	 row)	 and	 c-fos	 (first	 column),	egr-1	 (second	
column),	bdnf	(third	column)	and	npas4	(fourth	column).	The	size	of	the	circles	indicates	of	the	level	of	























		 Freezing	 KW=55.17,p<0.0001	 p<0.0001	 p<0.0001	 p<0.0001	 p=1	 p=0.118	 p=0.118	
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c-fos	 egr1	 bdnf	 npas4	 	 	 	
		 CS+Ct	-	CS+alarm	
CS+Ct	-	
CS+alarm	 CS+Ct	-	CS+alarm	 CS+Ct	-	CS+alarm	 	 	 	
Transcriptomic		 OB	 z=0.668,	p=0.504	
z=2.478,	
p=0.013	 z=1.529,	p=0.126	 z=2.195,	p=0.028	 	 	 	
patters	of	IEG	 Dm	 z=0.215,	p=0.830	
z=1.478,	




p=0.581	 z=1.030,	p=0.303	 z=1,197,	p=0.231	 	 	 	
		 Vv	 z=1.055,	p=0.291	
z=0.454,	
p=0.650	 z=-0.396,	p=0.692	 z=-0.646,	p=0.518	 	 	 	
		 Ha	 z=-1.179,	p=0.238	
z=-0.494,	
p=0.621	 z=-0.355,	p=0.722	 z=-1.120,	p=0.263	 	 	 	

























in	 the	 absence	 of	 light,	 social	 recognition	 can	 still	 occur	 in	 damselfish	 (Manassa	 et	 al.,	 2013)	
indicating	the	importance	of	chemical	cues	to	learning	processes.	The	salience	and	the	valence	of	
the	stimuli	is	an	important	factor	in	learning	success.	Individuals	learn	faster	with	aversive	cues	since	
























neurogenesis	 (Lledo	et	 al.,	 2006)	 and	 reconfiguration	by	neuromodulators	 (Devore	et	 al.,	 2012).	
Together,	these	data	support	the	role	of	the	OB	as	a	plastic	brain	nucleus	involved	in	learning	besides	
its		role	as	a	sensory	region	(Tong	et	al.,	2014).	
Different	 patterns	 of	 functional	 connectivity	 among	 brain	 regions	 involved	 in	 olfactory	
processing	were	also	observed	between	chemically	conditioned	animals	and	their	controls	for	all	
IEGs	tested	(c-fos,	egr-1,	bdnf,	and	npas4).	The	central	areas	in	each	network	were	also	different	
between	chemical	 social	 fear	 learning	and	 its	controls	 for	all	genes.	Bdnf	and	npas4	 significantly	
decreased	 the	average	number	of	 connections	 in	 chemical	 conditioned	 individuals	 in	 relation	 to	
their	 controls.	 	 Similarly,	 authors	 described	 the	 role	 of	 bdnf	 as	 neuromodulator	 in	 mammalian	
hippocampus	 and	 its	 implications	 for	 learning	 and	 memory	 (acting	 on	 long-term	 potentiation)	
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with	 social	 and	 asocial	 cues	 (image	 of	 a	 conspecific	 or	 a	 dot).	 At	 the	 neuronal	 level,	 c-fos	 (an	
immediate	 early	 gene,	 marker	 of	 neuronal	 activity)	 was	 used	 to	 characterize	 the	 brain	 nuclei	
involved	in	processing	social	and	asocial	learning	in	zebrafish.	In	addition,	we	characterized	changes	
in	olfactory	system	in	response	to	olfactory	social	learning.	
	 In	 chapter	 II,	 reward	 Observational	 conditioning	 was	 evaluated.	 Behaviourally,	 no	
differences	were	observed	between	social	and	asocial	learners.		C-fos	expression	was	used	to	map	
the	brain	nuclei	recruited	to	process	social	and	asocial	observational	conditioning	in	zebrafish.	Social	
learners	 found	 the	 location	of	 the	 food	using	a	 social	 cue	 (picture	of	 a	 conspecific)	 and	 showed	
differential	activation	of	the	Olfactory	Bulbs	(OB),	ventral	zone	of	ventral	telencephalic	area	(Vv),	
ventral	 habenula	 (Hav)	 and	 ventromedial	 thalamus	 (VM).	 Asocial	 learners	 used	 dorsal	 habenula	
(Had)	and	anterior	tubercular	nucleus	(ATN)	to	find	the	food	source	through	asocial	cues	(picture	of	
a	dot	matched	in	size	and	colour	to	the	fish	image	used	for	social	learning).	Also,	social	and	asocial	




alarm	 conspecific,	 was	 not	 effective	 as	 an	 US.	 In	 contrast,	 the	 social	 olfactory	 cue,	 the	 alarm	
substance,	was	highly	efficient	as	an	US.	Using	a	candidate	brain	nuclei	approach	and	the	expression	
of	immediate	early	genes	as	markers	of	neuronal	activity,	the	olfactory	bulbs	were	identified	as	an	




4.2 Observational conditioning as a behavioural mechanism 
 










social	 information	 (Brown	 and	 Laland,	 2003),	 and	 others	 defend	 a	 restrictive	 definition	 where	
observational	conditioning	occur	only	with	the	association	of	a	demonstrator	in	aversive	contexts,	
despite	several	evidences	of	observational	conditioning	in	appetitive	contexts	(Heyes,	1994;	Slater	


















record	on	 the	 flightless	 ancestors	of	birds,	but	 later	became	 instrumental	 to	bird’s	 fight	 (Gould,	
1991).	The	same	can	be	applied	to	social	learning,	where	learning	abilities	were	present	but	only	
were	 used	 in	 social	 contexts	 when	 the	 environment	 requires.	 This	 phenomenon	 differs	 from	
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adaptation,	 where	 the	 environment	 pressures	 the	 development	 of	 a	 new	 characteristic.	 Social	
learning	mechanisms	can	be	described	as	Pavlovian	processes	(Heyes	and	Pearce,	2015;	Leadbeater,	
2014;	Zentall,	2011).	Social	stimuli	become	conditioned	to	an	asocial	one	independently	if	the	social	










learn	to	associate	a	social	stimulus	with	a	reward.	 (b)	Animals	might	 learn	about	 features	of	 the	
environment	through	unconditioned	social	stimuli.	Adapted	from	Leadbeater	E.	(Leadbeater,	2015).	































behavioural	 mechanism.	 These	 results	 demonstrate	 that	 animals	 learn	 at	 the	 same	 rate	
independently	of	the	social	nature.	
A	recent	review	hypothesized	that	cognitive	processes	may	present	different	architectures:	
(1)	 animals	 can	 develop	 a	 general	 intelligence	 if	 the	mechanisms	 of	 information	 processing	 are	
shared;	 (2)	 modular	 intelligence	 if	 different	 types	 of	 environmental	 information	 recruit	 specific	
mechanisms;	 or	 (3)	 mixed	 intelligence	 if	 only	 some	 mechanisms	 of	 information	 processing	 are	
shared	 (Varela	 et	 al.,	 in	 press).	 This	 perspective	 corroborates	 our	 results	 that	 point	 to	 shared	




4.3 Neuronal Mechanisms of Social learning 
	
The	 cognitive	 process	 can	 be	mapped	 onto	 the	 brain	 but	 the	 functional	 architecture	 of	
neuronal	networks	is	still	poorly	understood.	“Small	world	architecture”,	where	neurons	promote	
local	 connections	 in	detriment	of	 long	distance	connections	 results	 in	 the	 formation	of	modules	
(Rubinov	 and	 Sporns,	 2010).	 Long-distance	 connections	 between	 cells	 in	 different	 modules	 are	






	 The	 existence	 of	 social	 domain-specific	 modules	 within	 these	 networks	 has	 been	
demonstrated	when	social	odour	is	processed	by	the	mammalian	vomeronasal	system	relative	to	












the	 green	 anole	 lizard	 (Anolis	 carolinensis)	 repeated	 exposure	 to	 video-playbacks	 of	 aggressive	
displays	by	conspecific	males	 induce	changes	in	functional	connectivity	within	the	network	(Yang	
and	 Wilczynski,	 2006);	 in	 4	 species	 of	 birds,	 different	 nodes	 of	 the	 network	 are	 differentially	
activated	 in	 response	 to	 the	 presence	 of	 a	 conspecific,	 in	 a	way	 that	 is	 related	 to	 inter-specific	
differences	 in	 sociality	 (Goodson	 et	 al.,	 2005);	 and	 in	 zebrafish	 (Danio	 rerio)	 the	 outcome	 of	




of	social	 learners	after	associated	a	 red	 light	with	an	alarm	pheromone.	 In	chapter	 II,	we	clearly	
showed	distinct	neural	states	to	social	and	asocial	learning	through	c-fos	expression	network.	The	
neuronal	mechanisms	of	social	learning	are	based	in	a	modular	intelligence	where	different	nodes	
are	 recruited	 to	 express	 social	 and	 asocial	 learning	 supported	 by	 distinct	 patterns	 of	 functional	
connectivity.	
	
4.4 Concluding remarks 
 
In	 this	 work,	 we	 proposed	 that	 behavioural	 and	 neural	 mechanisms	 of	 observational	
conditioning	 can	 present	 distinct	 architectures.	 At	 the	 behavioural	 level,	 the	 mechanisms	 of	
observational	conditioning	seem	to	be	shared	(general	intelligence),	in	contrast	the	patterns	of	brain	
activation	reveal	modular	mechanisms.	At	the	neural	level,	several	processes	can	be	executed	at	the	





clear	 if	 this	 intraspecific	 variation	 is	 due	 to	 prior	 experience,	 personality,	 immune,	 metabolic,	
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